A fiber Bragg grating was written, using the phase mask technique, in a short length of Er 3+ :Yb 3+ -codoped fibre and its temperature and strain characteristics were investigated. Two of the three parameters of interest are associated with Bragg grating properties, namely the usual dip at the Bragg wavelength, B , and an unexpected dip at ~2/ 3 B that is the third harmonic of features within the grating having double the assumed periodicity. The third parameter is the fluorescence intensity ratio arising from a pair of transitions in Yb 3+ ions. This arrangement consisting of three colocated sensors offers interesting possibilities for the simultaneous measurement of three parameters.
INTRODUCTION
The application of optical fibre sensors to the simultaneous measurement of multiple parameters, particularly temperature and strain, is of significant importance in many areas of technology. The determination of temperature and strain simultaneously typically requires the use of two sensors that provide a pair of measurements 1 . The resulting pair of simultaneous equations may then be solved using suitable mathematical techniques; if both equations are linear then the temperature and strain may be deduced through the inversion of a matrix. Furthermore, sensor co-location is preferable, since if the two sensors are not co-located, and one or both measurands have a significant spatial variation, then there is an additional uncertainty in the results.
Fibre Bragg gratings (FBGs) are very attractive as sensors 2 since a temperature change or an applied strain is encoded as a wavelength shift, which is immune to possible intensity fluctuations in the illuminating source. However, FBGs suffer an inherent cross-sensitivity between strain and temperature. One common method of addressing this cross-sensitivity is by the use of two FBGs, one of which is not bonded to the object being measured 3 and hence is not subject to the strain component, but with the disadvantage that the sensors are not co-located. A variety of arrangements of pairs of FBGs have been investigated in order to achieve sensor co-location, or at least a compact sensor, in which two gratings are fabricated near each other in a single fibre. Examples of co-located sensors include a pair of Bragg gratings operating at 850 and 1300 nm 2 , and a combination of a FBG with a long period grating 2 . Other approaches involve the use of both the first-and second-order diffraction wavelengths of a single FBG 4 , a single FBG in birefringent fibre 5 , the use of two FBGs in series but in different types of fibre 6 , a single FBG written across the splice between two different fibres 7 , and a combination of a type I and type IIA FBG 8 .
One method of achieving a co-located sensor has been to inscribe the FBG into rare-earth-doped fibre. In one approach rare-earth ions are excited by an optical pulse, in which the resultant fluorescent decay curve has a lifetime that depends strongly upon temperature and weakly upon strain 9 . The related fluorescence intensity ratio (FIR) technique 10 , which also relies upon the decay of excited levels in rare-earth ions, has been shown to be essentially strain independent. This † Now with the School of Physics, University . A 9-cm long version of the latter sensor exhibited rms temperature and strain performances of 0.3 °C and 4.9 , respectively.
Although the bandwidth of optical fibers allows for more than two parameters to be measured simultaneously, there has been only a small amount of work reported concerning three-parameter sensing. Vibration sensing, in addition to temperature and strain, has been reported through the use of an interferometer in addition to a FBG 13, 14 .
Reflections from FBGs at wavelengths that are not a harmonic of the Bragg wavelength, B , have been observed in type II 15 and type I and IIA FBGs 16 . This is believed to be due to the use of phase masks for FBG fabrication, as microscope images of such gratings 17 contain features having the period of the phase mask, pm , as well as the expected pm /2. The strain and temperature characteristics of the transmission dip at ~2/ 3 B verifies that the feature is due to the FBG 16 . Indeed a dual FBG sensor may be realized through the use of B and 2 / 3 B , instead of B and ~ B /2 as reported previously. If such an FBG were to be inscribed into rare-earth-doped fiber then an appropriate fluorescence measurement would provide a third variable in addition to the two FBG signals.
The results in this paper were obtained with a sensor consisting of a FBG written in a short length of Er 3+ :Yb 3+ -codoped fibre 12 . Through observing the behaviour of the FBG dip at ~2/ 3 B , in addition to the FBG dip at B and the fluorescence intensity ratio (as already reported 12 ), three parameters may be determined simultaneously. Such a system could be pumped with a single light source in which the fluorescence from Er 3+ :Yb 3+ -codoped fiber is used to illuminate the two FBG wavelengths of interest as well as populating relevant energy levels for fluorescence intensity ratio (FIR) measurements.
EXPERIMENTAL METHODOLOGY & RESULTS

Fabrication and transmission spectra
The Er 3+ :Yb 3+ -codoped fibre used in this work was fabricated at the Laboratoire de Physique de la Matiere Condensee (France), using a modified-chemical-vapour-deposition process together with the solution doping technique 18 . The fiber had a core composition of Si:Ge:P:Al. A type I FBG was written in the hydrogen-loaded Er:Yb doped fiber using a pm = 1.0668 m phase mask and a frequency doubled argon ion laser operating at 244 nm, with an ouput power of ~91 mW for an exposure time of ~3 mins. The Bragg wavelength transmission spectrum, shown in Fig. 1 (a) , was measured using an Er 3+ broadband light source and an optical spectrum analyzer (OSA). Transmission spectra in the region of 2 3 B , as shown in Fig. 1 (b) , were measured using an OSA and an Yb 3+ -doped fiber ASE source. 
Strain and temperature calibration
The strain and temperature characteristics of transmission dips in the 2 3 B and B regions of the FBG and the temperature and strain dependence of the FIR were investigated using a standard strain and temperature calibration technique 12 . Illumination of the FBG dip near 1539 nm, shown in Fig. 1 (a) , was provided by the well-known fluorescence from Er 3+ emitted when it is pumped by 800 nm light. The dip in the region of Linear fits were applied to the data in Figs. 2 and 3 , the gradients of which returned the temperature and strain coefficients of each dip of the FBG; these are listed in Table 1 . At both FBG wavelengths both the strain and temperature responses are linear, as expected. The FBG coefficients reported here have a ratio of about 2 / 3 (within the error limits) as expected as this is the approximate ratio of the wavelengths of the transmission dips. The coefficients will not be exactly integer ratios also because the effective fiber refractive index will be different at the two wavelengths. Furthermore Fig. 3(a) illustrates the near-zero dependence of the FIR technique on strain, whilst in Fig.  3(b) the FIR is approximately linear over the measured temperature range. 
DISCUSSION
Presented here are the strain and temperature responses from three co-located sensors, consisting of an FBG inscribed into Er 3+ :Yb 3+ -codoped fibre. The response of the FBG transmission dip at ~ 2 / 3 B was around 2 / 3 of the response of the dip at B , as expected. The third parameter, namely the fluorescence intensity ratio, was effectively strain independent. Such an arrangement could be used as a simple and compact three-parameter sensor, because a single light source is required to monitor changes in the fluorescence intensity ratio or FBG wavelengths. This is because the resultant fluorescence peaks from Er 3+ and Yb 3+ , the latter resulting from 800 nm illumination of the 2 F 5/2 level in Yb 3+ via energy transfer from the Er 3+ , are located in the vicinity of B and ~ 2 / 3 B , respectively. Applications of this system for the measurement of parameters such as pressure or transverse strain, in addition to temperature and longitudinal strain, are being investigated.
